The biological treatability of subsurface soil contaminated with manufactured gas plant (MGP) 
INTRODUCTION
The application of wood-preserving, petroleum, and manufactured gas plant (MGP) wastes on soil frequently results in contamination of soil and aquifer material with polycyclic aromatic hydrocarbons (PAHs) [l] . Several PAHs have been identified as carcinogenic and therefore present potential health-related risks with chronic exposure [2] . The biodégradation of phenanthrene (a model three-ring PAH) in liquid cultures by single bacterial species has been demonstrated [3] [4] [5] [6] [7] [8] [9] ; however, less information is available regarding the biodégradation of phenanthrene or other PAHs in complex coal-tar contaminated aquifers.
The biological treatability of coal-tar contaminated soil and aquifer material is influenced by the extent of contamination. The extent of soil and aquifer contamination requires an evaluation of the aquifer solid phase with regard to hazardous parent chemicals and the natural metabolic potential of indigenous microorganisms to transform target hazardous compounds. The National Research Council (1993) , in their recent publication "In situ Bioremediation; When Does it Work?", outlined a strategy combining the collection of field and laboratory data to evaluate the use of in situ bioremediation. The measurement of parent compound disappearance in the field, and the demonstration of the metabolic potential of indigenous microorganisms at a site to transform target parent compounds through laboratory experiments, are primary objectives for evaluating the efficacy of in situ bioremediation [10] . 221 To assess in situ PAH biotransformation in a coal-tar contaminated soil, experiments were conducted utilizing 14C-phenanthrene. A mineralization assay, developed at Cornell University, was employed using a coal-tar contaminated soil spiked with radiolabeled 14C-phenanthrene at 22-24°C.
This study was conducted to evaluate the biodegradability and transformation potential of phenanthrene in contaminated soil from the saturated and unsaturated zone of a manufactured gas plant waste (MGP) site. Additionally, a study was carried out to evaluate the chemical mass balance distribution of 14C-carbon resulting from the biotransformation of 14C-phenanthrene. The toxicity of aqueous extracts of soil from the site was also determined.
METHODS AND MATERIALS

Field Samples
The MGP waste site for this study (EBOS site 24) has been described elsewhere [10] . Soil cores were obtained from EBOS site 24 subsequent to source removal. The source material at the site was removed in the summer of 1991 [11] . Three locations at the site were used for repeated core sampling. A first core was taken in the original source area and designated Station #1. A second core was taken outside the contaminated plume and designated Station #2. This core served as the control sample. A third core was taken down-gradient from the original source material (approx. 200 m) [10] within the contaminated plume and designated Station #19.
Mineralization Assay
A core sample from each station was obtained aseptically [12] and sampled at three depths: (1) 7.5-9.5 ft below ground surface, (water The solvent extractable 14C-carbon was determined by extracting the soil phase of each biometer flask with methylenechloride/acetone (1:1 vohvol) for 6 minutes using a sonication probe (Heat Systems, Inc., Farmingdale, NY). The solvent extract was then condensed to approximately 1.5 ml and brought to a final volume of 10 ml in acetonitrile. A portion (1 ml) from each solvent extract was mixed with approximately 10 ml of scintillation cocktail and counted by liquid scintillation.
Non-solvent extractable residues of 14C-carbon were analyzed by combusting (in triplicate) 1 (Figure 1 ), did not vary significantly with depth (Figure 1 a, b, c Mineralization of phenanthrene in sediments from within the contaminated plume area, Station #19 (Figure 3) , was observed to decrease to the lowest with depth. Mineralization at the water table interface (9.7 ft), saturated zone i (15.5 ft), and saturated zone 2 (19.5 ft) was observed to be 28.9 ± 2.5% (5.0%), 27.7± 10.2% (7.0%), and 15.9±2.5% (11.1%) respectively.
The mineralization activity of each core and depth was evaluated using a first order kinetic model. The rates of mineralization for each core and depth are presented in Table 2 . The mineralization activity, evidenced by 14CÛ2 production, was found in general, to decrease with depth. The distribution of mineralization activity with depth has also been supported by other 224 researchers working jointly on the same site [10] . Madsen et al., (1991) Biodegradation is often assessed by evaluating the disappearance of target hazardous compounds [3, 15] . However, evaluation of the interphase transfer rates in a multi-phase subsurface environment can provide information for assessing other important mechanisms for loss of parent compounds [16] . A chemical mass distribution was carried out on seven microcosms, containing 50 grams each of soil, from the unsaturated zone (Station #2-2 ft depth) spiked with 9-14C-phenanthrene. Less than 0.15% mineralization of the added phenanthrene was observed through 17 days of incubation, for all samples, at 30°C (Figure 4 a, b) . Table 3 . The majority (approx. 57%) of the added label was observed in the solvent extractable phase while approximately 28% of the added radiolabeled carbon was found in the organic plug extract. The remaining fraction obtained by combusting the soil, was found to contain 5.5% of the total radiolabeled carbon. At day 65, NP1, NP2, PC and UN microcosms were sacrificed to obtain a mass distribution of 14C-carbon. The results of the mass distribution are presented in Table 3 .
Volatilized 14C-carbon for microcosms receiving added nutrients was observed to be 51-56%. In addition to volatilization, sorption of target compounds to soil material influences the fate of hydrophobic organic compounds in subsurface environments [17] . In this study, sorption was assessed by quantifying 14C-carbon remaining on the soil (soil combustion) subsequent to solvent extraction. 14C-carbon bound to the soil accounted for less than 7% of the total radiolabeled carbon added in all samples, with the exception of NP1, where 11 % of the radiolabeled carbon was bound to the soil. The sorption of organic compounds to soil can affect the rate of biodégradation [18, 19] . Microbial uptake rates can be limited by slow-desorption since only compounds in the non-sorbed state are typically subject to microbial attack [20] .
The rate limiting step in the microbial uptake and subsequent mineralization of phenanthrene in this study, appears to be N and P availability. At day 39, nitrogen and phosphorus were added to microcosm NP1 and NP2, resulting in partial mineralization of 9-14C-phenanthrene (20%-6%, Figure   4 b). 
